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Abstract

:

The kinetics of the isothermal reduction of iron ore–coke, iron ore–charcoal, and iron ore–biomass (straw) composite pellets were studied at 900–1200 °C. Compared with the other two composite pellets, the composite pellet using biomass as a reducing agent showed a more rapid reduction rate at a relatively low temperature. With an increase in the temperature, the reduction rates of the three different composite pellets tended to be equal. The reducing reactions of the three different composite pellets were all mainly controlled by gasification diffusion. The reduction rates can be described by the interface reaction kinetic model (    [ 1 −   ( 1 − m )   1 / 3   ]  2  = k t  ). The apparent activation energies of the gasification diffusion of coke, charcoal, and biomass composite pellets at 900–1200 °C were calculated using the Arrhenius equation, and they were 95.81, 71.67, and 58.69 kJ/mol, respectively. The biomass composite pellets exhibited a lower apparent activation energy than the composite pellets with other reduction agents.
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1. Introduction


Iron production is one of the largest industries in terms of energy consumption, pollution, and greenhouse gas emissions due to the use of one of the most indispensable raw reductants for blast furnaces—metallurgical coke/coal—causing coal shortages and serious pollution [1,2,3,4,5,6]. Therefore, the incorporation of renewable energy sources into existing and emerging metallurgical operations is desirable. Recently, renewable biomass-derived reducing agents have gained attention as possible substitutes for fossil fuel-based reducing agents in ironmaking blast furnaces. Biomass is characterized by lower contents of harmful elements (S, P) than fossil-based fuel and abundant raw material sources, therefore providing a very desirable reductant to perform the reduction of iron ore [7,8,9,10,11].



The reduction of iron oxides is performed using either charcoal, coke, or coal at present [12,13,14,15,16,17]. The reduction mechanisms of iron ore using these carbonaceous materials have been extensively studied [18,19,20]. In addition, the reduction kinetics and thermodynamics have been also studied extensively [14,15,21]. However, biomass materials as potential reductants and energy sources in carbon iron ore composite pellets have been largely neglected. Therefore, an attempt was made to use biomass as a reducing agent to reduce iron ores pellets in this paper. Furthermore, the effects of reducing agent type and temperature on the reduction behaviors of composite pellets were investigated. A kinetic model is proposed to describe the reducing process. The objective of this work is to explore the potential role of biomass as a reducing agent in the reduction of iron ore pellets through a comparison with kinetic behaviors of iron ore pellets when using coke, charcoal, and biomass (carbonized straw) as reducing agents and to determine the activation energies for the reduction of iron ore pellets using these reductants.




2. Materials and Methods


2.1. Materials


In this study, Brazil iron ore was used as an iron source and bentonite obtained from Xinyang, Henan, China, was employed as a binder; their chemical compositions are shown in Table 1. The biomass used in this work was obtained by carbonizing straw (Bishan, Chongqing, China) at fixed temperature of 900 °C in an inert gas—namely, N2 atmosphere. The properties of coke, charcoal, and biomass used as reducing agents are listed in Table 2. The particle sizes of the above material and reducing agent powders are less than 0.074 mm.




2.2. Experimental Procedure


Iron ore and all the reducing agents were ground to sizes smaller than 0.074 mm. Micro-balling was conducted in a laboratory-scale balling disc pelletizer. The mixing materials composed of iron ore, binder, and reducing agent were prepared using an additional moisture concentration of 7.5 ± 0.5 wt%. The bentonite addition amount was fixed at 2 wt%. To completely reduce the iron ore, a surplus carbon source was added and the molar ratio of reducible oxygen to fixed carbon was equal to 1.2. Green pellets were prepared using the above mixtures. After being sieved, green pellets with a particle size of 10−16 mm were obtained. Then, these pellets were dried in the oven at 105 °C for 2 h to remove the moisture completely.



A series of reduction experiments of iron ore composite pellets with different carbonaceous materials was performed under isothermal conditions to investigate the reduction behaviors of the carbon iron ore composite pellets. According to the previous reference [17], determining the reduction degree of a pellet at any given time is difficult. To evaluate the degree of reduction, a pseudo kinetic parameter, the fraction of reaction (m), was introduced. This is defined as the ratio of mass loss at a given time to the maximum mass loss of pellets, and it can be calculated using the following equation [17]:


  m    =     mass   loss   from   the   pellets   in   time    t    the   maximum   mass   loss   of   the   pellet    × 100 % .  



(1)







The mass loss in the pellet originated from the following three processes: the reduction of carbon, the removal of oxygen from iron ore, and the expulsion of volatile matter. The maximum mass losses of 1 g composite pellets using coke, charcoal, and biomass as reducing agents are 0.356, 0.378 and 0.374 g, respectively. The thermogravimetric method was adopted to measure the mass changes of composite pellets. Figure 1 shows the schematic diagram of experimental apparatus. It is a shaft furnace connected to a control part, and the accuracy of the electronic scale (FA3004, Shanghai Liang Ping Instruments Co., Ltd., Shanghai, China) is 0.0001 g. Before the reduction experiment, the pellet sample was dried adequately at 105 °C in a drying oven for 24 h. The mass of the experimental pellet sample was about 50 g in each reduction experiment. The experimental pellet sample was contained in a basket which was hung by a pothook connected to an electronic scale. The basket was made of Fe-Cr-Al alloy wire, which did not disturb the gas flow around the sample. The basket was kept inside the shaft furnace at given temperatures of 900, 1000, 1100 and 1200 °C for desired times of 15, 30, 45, 60, and 90 min. The mass changes of the samples were measured by the electronic scale and were recorded by a computer. A continuous N2 flow at a rate of 5 L/min was introduced into the furnace to control the atmosphere. After isothermal reduction, the samples were rapidly taken out and cooled down with N2. The phase compositions of the composite pellets after the reduction were analyzed by X-ray diffraction (XRD) (D/max 2500 PC, Rigaku, Tokyo, Japan) using Cu Kα radiation. The microstructure observation of the composite pellets was conducted using scanning electron microscopy (SEM) (JSM-7800F, JEOL, Tokyo, Japan).





3. Results and Discussion


3.1. Reduction Mechanism Analysis


It is well known that the reduction of iron oxides in a direct reduction system occurs mainly with gaseous phase of CO [22,23,24,25,26,27]. At relatively low temperatures, only a negligible amount of reduction will occur in solid–solid reactions between carbon particles and iron oxide particles, since such reactions are very slow. It is noteworthy that the solid–solid reactions also play a certain role in the reduction of iron ore when the temperature is relatively high (above 1200 °C). It is generally accepted that the iron ore (Fe2O3) undergoes stepwise reductions by CO gas produced through the reaction of carbon with carbon dioxide. Carbon dioxide is initially generated from the decomposition of the volatile and the chemical reaction of carbon with iron ore. After this, more carbon dioxide is produced via the reduction of iron ore by CO. Hence, the reductant CO triggers the reduction process in a series of interrelated reactions as follows:


C + CO2 ⇌ 2CO,



(2)






3Fe2O3 + CO → 2Fe3O4 + CO2,



(3)






Fe3O4 + CO → 3FeO + CO2,



(4)






FeO + CO → Fe + CO2,



(5)







The reduction of an iron ore-carbon composition pellet can be described more intuitively by the spherical model, as shown in Figure 2.




3.2. Comparison of the Reduction Behaviors of Carbon Iron Ore Composite Pellets with Different Reducing Agents


The reduction behaviors of carbon iron ore composite pellets with different reducing agents were comparatively investigated under varying temperatures from 900 to 1200 °C. The reduction curves are shown in Figure 3a–d by plotting the fraction of reaction (m) against the reduction time. Obviously, the fractions of reaction of the three different composite pellets all increased exponentially with the reduction time at all the investigated temperatures. At 900 °C, the composite pellet using straw biomass as a reducing agent shows more rapid reduction kinetics than those using coke or charcoal as reducing agents. After 90 min, the fraction of reaction of composite pellet using straw biomass as a reducing agent exceeds 70%, while the composite pellet using coke as a reducing agent exhibits a fraction of reaction of about 50%. Figure 4 shows the X-ray diffraction patterns of the three composite pellets with different reducing agents after being reduced at 900 °C for 90 min. For all the three composite pellets, the main phase components are Fe, FeO, Fe3O4, and Fe2(SiO4), while hematite (Fe2O3) peaks are absent. Moreover, the iron peaks of the iron ore-biomass composite pellet are even more intensive than those of the other two pellets, which is in accordance with the above results concerning the fraction of reaction. The faster reduction of the iron ore–biomass composite pellet compared to the other two pellets at relatively low temperatures could be related to the higher reactivity of biomass. With the temperature increasing to 1000 °C and 1100 °C, the reduction rates of the composite pellet using straw biomass as a reducing agent and that using charcoal as a reducing agent were almost equal, while the reduction rate of the composite pellet using coke as a reducing agent was relatively slow, which can be attributed to the microstructure difference of the three composite pellets after the reaction. Figure 5 shows the microstructures of the three composite pellets after being reduced at 1100 °C for 60 min. It can be seen from Figure 5 that the reduced iron ore–biomass (straw) and iron ore–charcoal composite pellets both exhibit a loose structure with many fine pores, while the reduced iron ore–coke composite pellet possesses a relatively dense structure, which can be attributed to the fact that biomass and charcoal possess looser structures than coke. Obviously, looser structures are conductive to the diffusion of reducing gas in the pellets, thereby bringing about more rapid reduction kinetics in pellets. When the temperature was further increased to 1200 °C, the three different composite pellets showed nearly the same reduction rate.




3.3. Kinetic Analysis


The reaction kinetics of the iron ore reduction determines the rate at which iron oxide is converted to metallic iron by the removal of oxygen. As it is known, the reduction rate of iron ore highly influences the economic feasibility and competitiveness of the process technology involved. Thus, the reaction rate of the reduction process is of prime importance. The reduction of iron oxide involves multiple kinetic steps, and the slowest step among them controls the overall reaction rate. The different rate-controlling factors which control the overall rate of reduction are given below [28]:



The reaction rate is controlled by a chemical reaction at particle surface, given by:


  − ln ( 1 − m ) = k t ,  



(6)






  1 −   ( 1 − m )   1 / 3   = k t ,  



(7)







A gas diffusion controlled reduction can be expressed by the interface reaction kinetic Jander equation:


    [ 1 −   ( 1 − m )   1 / 3   ]  2  = k t  



(8)







A shrinking core model can be used to describe the boundary layer-controlled reduction:


  1 − 2 / 3 m −   ( 1 − m )   2 / 3   = k t ,  



(9)




where t is the reduction time (min),  k  is the rate constant of the reduction model, and m is the fraction of reaction (%).



The plots of fitting the experimental data with coke, charcoal, and straw biomass as reducing agents to the linear forms of the Equations (6)–(9) reduction kinetic models are shown in Figure 6, Figure 7 and Figure 8, respectively. In addition, the correlation coefficients (r2) and linear regression equations are listed in Table 3. Obviously, for all the three different composite pellets, the experimental data agree well with the diffusion controlled model ([1−(1−m)1/3]2 = kt), with a high r2 compared with other three kinetic models, as listed in Table 3. These results indicate clearly that the reduction reactions in all the three studied composite pellets belong to the diffusion controlled reaction, and the reduction rates can be described by the interface reaction kinetic model (    [ 1 −   ( 1 − m )   1 / 3   ]  2  = k t  ). This kind of reaction kinetic model also well describes the reduction of carbon ZnO composite pellets containing graphite [29].




3.4. Evaluation of the Apparent Activation Energies of Composite Pellets with Different Reducing Agents


In the present work, an integration method was chosen to calculate the apparent activation energy ( E ) value [30]. As is known, the integration method does not refer to any particular kinetic model and gives  E  values at different levels of fractional reaction. The reaction rate is related to the temperature and degree of reaction by a differential equation, presented as:


  d α / d t = k ( T ) f ( α ) ,  



(10)




where  α  is the extent of conversion (dimensionless); t and  T  are time (min) and temperature (K), respectively;   f ( α )   is the reaction model;   k ( T )   is the temperature dependent rate constant expressed as the Arrhenius below:


  k ( T ) = A exp ( − E / R T ) ,  



(11)




where  A  is the pre-exponential factor (s−1) and  E  and  R  are the activation energy (J/mol) and gas constant (8.314 J/mol K), respectively.



The activation energy expresses the energy barrier that must be overcome to activate the bond redistribution steps required to convert reactants into products [31]. The pre-exponential factor represents the occurrence frequency of the reaction situation. Combined with the integrating equation (Equation (10)), E and A can be calculated. For the interface reaction kinetic equation (    [ 1 −   ( 1 − m )   1 / 3   ]  2  = k t  ), the equation is expressed as:


    d ln k   d T   =  E  R  T 2    ,  



(12)






  ln k = −  E  R T   + ln A .  



(13)







The curves of lnk vs. 1/T for each of the three composite pellets with different reducing agents are plotted in Figure 9 using the estimated kinetic parameters from Table 3. The values of pre-exponential factors and apparent activation energies of the reduction for the three different composite pellets were calculated from the intercept and slopes of the fitted curves in Figure 9, and the results were listed in Table 4. It can be seen that the iron ore–biomass composite pellet presents the lowest apparent activation energy of reduction.





4. Conclusions


The kinetics of the isothermal reduction of iron ore composite pellets using coke, charcoal, and biomass (straw) as reducing agents were studied at 900–1200 °C. The following results were found:



(1) The effect of the reducing agent on the reduction rate is remarkable when the temperature is relatively low. Due to the higher reactivity and looser structure of straw biomass, the composite pellet using straw biomass as a reducing agent shows a more rapid reduction rate. After reducing at 900 °C for 90 min, composite pellets using coke, charcoal, and biomass as reducing agents present fractions of reaction (m) of 52.66%, 63.66%, and 70.66%, respectively. As the temperature increased, the effect of the reducing agent on the reduction rate became weaker.



(2) The reduction reactions of the three composite pellets belong to gasification diffusion-controlled reaction, and the reduction rates can be described by the interface reaction kinetic model (    [ 1 −   ( 1 − m )   1 / 3   ]  2  = k t  ). The apparent activation energies of coke, charcoal, and straw composite pellets at 900–1200 °C were calculated based on the Arrhenius equation, and they are 95.81, 71.67, and 58.69 kJ/mol, respectively. The activation energy of the straw composite pellet is less than that using other reduction agents.



(3) The reduction of iron ores pellets were deoxidized more easily by straw biomass reduction agents compared with other two ones; biomass waste may be a promising reduction agent for the reduction of iron ore composite pellets.
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Figure 1. Schematic diagram of experimental apparatus. 1—computer; 2—electronic scales; 3—heater; 4—control apparatus; 5—pellet. 
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Figure 2. Spherical model of the reduction of iron ore pellet with CO. 
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Figure 3. The fraction of reaction of the three composite pellets with different reducing agents: (a) 900 °C, (b) 1000 °C, (c) 1100 °C, (d) 1200 °C. 
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Figure 4. XRD patterns of the three composite pellets with different reducing agents after being reduced at 900 °C for 90 min. 
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Figure 5. SEM micrographs of the three composite pellets with different reducing agents after being reduced at 1100 °C for 60 min: (a) biomass, (b) charcoal, (c) coke. 
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Figure 6. Linearized form plots of a kinetic model for the reduction of iron ore in iron ore–coke composite pellets: (a)   − ln ( 1 − m ) = k t  ; (b)   1 −   ( 1 − m )   1 / 3   = k t  ; (c)     [ 1 −   ( 1 − m )   1 / 3   ]  2  = k t  ; (d)   1 − 2 / 3 m −   ( 1 − m )   2 / 3   = k t  . 
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Figure 7. Linearized form plots of kinetic model for reduction of iron ore in iron ore–charcoal composite pellet: (a)   − ln ( 1 − m ) = k t  ; (b)   1 −   ( 1 − m )   1 / 3   = k t  ; (c)     [ 1 −   ( 1 − m )   1 / 3   ]  2  = k t  ; (d)   1 − 2 / 3 m −   ( 1 − m )   2 / 3   = k t  . 
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Figure 8. Linearized form plots of kinetic model for the reduction of iron ore in iron ore–biomass composite pellet: (a)   − ln ( 1 − m ) = k t  ; (b)   1 −   ( 1 − m )   1 / 3   = k t  ; (c)     [ 1 −   ( 1 − m )   1 / 3   ]  2  = k t  ; (d)   1 − 2 / 3 m −   ( 1 − m )   2 / 3   = k t  . 
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Figure 9. Plots of lnk vs. 1/T. 
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Table 1. Chemical compositions of iron ore and bentonite (mass percent, %).
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	Raw Materials
	TFe
	FeO
	SiO2
	CaO
	MgO
	Al2O3
	K2O
	Na2O
	S
	P
	LOI





	Iron ore
	65.250
	1.050
	3.570
	0.040
	0.030
	1.160
	0.200
	0.100
	0.200
	0.042
	1.420



	Bentonite
	1.42
	-
	62.56
	3.060
	2.980
	13.16
	1.660
	2.190
	0.010
	0.015
	-
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Table 2. Proximate analysis of reducing agent (mass percent, %).
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	Reducing Agent Name
	Moisture
	Ash
	Volatile Matter
	Fixed Carbon





	Coke
	2.4
	19.95
	1.1
	76.55



	Charcoal
	-
	2.15
	15.52
	82.33



	Biomass
	-
	3.01
	11.36
	85.63
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Table 3. Lines of kinetic model parameters for various kinetic reduction models.






Table 3. Lines of kinetic model parameters for various kinetic reduction models.





	
Kinetic Equation

	
Reducing Agents

	
900 °C

	
1000 °C

	
1100 °C

	
1200 °C






	
   − ln ( 1 − m ) = k t   

	
Coke

	
y = 0.0096x

	
y = 0.0124x

	
y = 0.0218x

	
y = 0.0337x




	
r2 = 0.957

	
r2 = 0.935

	
r2 = 0.913

	
r2 = 0.919




	
Charcoal

	
y = 0.0132x

	
y = 0.0241x

	
y = 0.0325x

	
y = 0.0347x




	
r2 = 0.939

	
r2 = 0.965

	
r2 = 0.964

	
r2 = 0.951




	
Biomass

	
y = 0.0159x

	
y = 0.0227x

	
y = 0.0284x

	
y = 0.0381x




	
r2 = 0.934

	
r2 = 0.919

	
r2 = 0.916

	
r2 = 0.918




	
   1 −   ( 1 − m )   1 / 3   = k t   

	
Coke

	
y = 0.0029x

	
y = 0.0036x

	
y = 0.0057x

	
y = 0.0078x




	
r2 = 0.950

	
r2 = 0.924

	
r2 = 0.892

	
r2 = 0.885




	
Charcoal

	
y = 0.0038x

	
y = 0.0061x

	
y = 0.0076x

	
y = 0.0079x




	
r2 = 0.927

	
r2 = 0.940

	
r2 = 0.930

	
r2 = 0.914




	
Biomass

	
y = 0.0044x

	
y = 0.0059x

	
y = 0.0069x

	
y = 0.0084x




	
r2 = 0.918

	
r2 = 0.896

	
r2 = 0.888

	
r2 = 0.877




	
     [ 1 −   ( 1 − m )   1 / 3   ]  2  = k t   

	
Coke

	
y = 0.0006x

	
y = 0.0009x

	
y = 0.0022x

	
y = 0.0042x




	
r2 = 0.990

	
r2 = 0.980

	
r2 = 0.957

	
r2 = 0.951




	
Charcoal

	
y = 0.0010x

	
y = 0.0026x

	
y = 0.0040x

	
y = 0.0044x




	
r2 = 0.982

	
r2 = 0.997

	
r2 = 0.991

	
r2 = 0.982




	
Biomass

	
y = 0.0014x

	
y = 0.0024x

	
y = 0.0033x

	
y = 0.0049x




	
r2 = 0.980

	
r2 = 0.962

	
r2 = 0.953

	
r2 = 0.948




	
   1 − 2 / 3 m −   ( 1 − m )   2 / 3   = k t   

	
Coke

	
y = 0.0005x

	
y = 0.0007x

	
y = 0.0016x

	
y = 0.0027x




	
r2 = 0.988

	
r2 = 0.974

	
r2 = 0.942

	
r2 = 0.926




	
Charcoal

	
y = 0.0008x

	
y = 0.0019x

	
y = 0.0026x

	
y = 0.0027x




	
r2 = 0.976

	
r2 = 0.989

	
r2 = 0.976

	
r2 = 0.960




	
Biomass

	
y = 0.0011x

	
y = 0.0017x

	
y = 0.0022x

	
y = 0.0030x




	
r2 = 0.971

	
r2 = 0.947

	
r2 = 0.933

	
r2 = 0.916
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Table 4. Pre-exponential factors and apparent activation energies of different reducing agents.






Table 4. Pre-exponential factors and apparent activation energies of different reducing agents.





	Reducing Agents
	A/(s−1)
	E/(kJ·mol−1)





	Coke
	9.653
	95.81



	Charcoal
	1.843
	71.67



	Biomass
	0.586
	58.69
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